The Nodal signaling pathway plays a conserved role in determining left-sided identity in vertebrates with this early left-right (L/R) patterning influencing the asymmetric development and placement of visceral organs. We have studied the role of Nodal signaling in asymmetric cardiac morphogenesis in zebrafish and describe two distinct rotations occurring within the heart. The first is driven by an asymmetric migration of myocardial cells during cardiac jogging, resulting in the conversion of the L/R axis to the dorsal-ventral (D/V) axis of the linear heart. This first rotation is directly influenced by the laterality of asymmetric gene expression. The second rotation occurs before cardiac looping and positions the original left cells exposed to Nodal signaling back to the left of the wild-type (WT) heart by 48 hours postfertilization (hpf). The direction of this second rotation is determined by the laterality of cardiac jogging and is not directly influenced by asymmetric gene expression. Finally, we have identified a role for Nodal signaling in biasing the location of the inner ventricular and outer atrial curvature formations. These results suggest that Nodal signaling directs asymmetric cardiac morphogenesis through establishing and subsequently reinforcing laterality information over the course of cardiac development.
The Nodal signaling pathway plays a conserved role in determining left-sided identity in vertebrates with this early left-right (L/R) patterning influencing the asymmetric development and placement of visceral organs. We have studied the role of Nodal signaling in asymmetric cardiac morphogenesis in zebrafish and describe two distinct rotations occurring within the heart. The first is driven by an asymmetric migration of myocardial cells during cardiac jogging, resulting in the conversion of the L/R axis to the dorsal-ventral (D/V) axis of the linear heart. This first rotation is directly influenced by the laterality of asymmetric gene expression. The second rotation occurs before cardiac looping and positions the original left cells exposed to Nodal signaling back to the left of the wild-type (WT) heart by 48 hours postfertilization (hpf). The direction of this second rotation is determined by the laterality of cardiac jogging and is not directly influenced by asymmetric gene expression. Finally, we have identified a role for Nodal signaling in biasing the location of the inner ventricular and outer atrial curvature formations. These results suggest that Nodal signaling directs asymmetric cardiac morphogenesis through establishing and subsequently reinforcing laterality information over the course of cardiac development.
asymmetry ͉ southpaw ͉ switch hitter ͉ cardiac ͉ rotation N odal signaling plays a conserved role in creating initial differences between the left and right sides of the vertebrate embryo. Alterations in early, left-specific expression of Nodal and its downstream targets results in abnormal organ placement and morphogenesis later in development (1) . In zebrafish, the nodal gene southpaw (spaw) regulates the migration of the posterior lateral plate mesoderm (LPM) at the level of the gut tube and affects asymmetric budding of the liver (2) . The nodal target pitx2 has been shown to regulate the specification of the left atrium and asymmetric development of the outflow tract myocardium in the mouse heart (3, 4) . However, there is little evidence of a direct function for Nodal signaling in the establishment of initial morphological asymmetries in the anterior LPM.
To address this question, we studied asymmetric cardiac development in zebrafish. The zebrafish heart undergoes two distinct asymmetric events. During the first process of cardiac jogging, a disk-shaped structure called the cardiac cone is converted to a linear heart tube by the repositioning of the atrial cells to the anterior and left of the ventricular cells (5, 6) . These movements occur concurrently with asymmetric spaw expression in the left LPM. The second asymmetry, cardiac looping, is conserved in all vertebrates and positions the ventricle to the right of the atrium (5) . In zebrafish, this process is initiated 10 h after spaw is expressed in the left LPM (7) . We have examined both of these events and what role Nodal signaling plays in directing these asymmetries.
We find that the laterality of cardiac jogging is determined by a directional migration of left atrial cells within the cardiac cone and that this process is affected in mutants with altered asymmetric gene expression. These cellular movements result in a rotation of the cardiac cone and a conversion of the original left-right (L/R) axis of the cone to the dorsal-ventral (D/V) axis of the linear heart. We also describe a second rotation within the heart before cardiac looping that is not directly determined by asymmetric Nodal signaling. The consequence of this rotation is to reposition the original left cells back to the left of the heart. Finally, we have uncovered a role for Nodal signaling in establishing the sites of inner ventricular and outer atrial curvatures. Together, these results provide insights into the specific morphological changes occurring through asymmetric cardiac development and reveal multiple roles for the Nodal signaling pathway in establishing cardiac laterality.
Results lefty2 Expression Provides Evidence for Two Axis Conversions During
Asymmetric Cardiac Morphogenesis. Expression of lefty2 in wildtype (WT) embryos is dynamic throughout cardiac development. Asymmetric lefty2 RNA is initially visible in the heart at 18 hours postfertilization (hpf), remaining restricted to the left side until 22 hpf (Fig. 1Aii) . From 22-28 hpf, lefty2 expression changes and extends along the length of the heart tube ( Fig. 1 Bii-Dii). At 29 hpf, lefty2 expression becomes localized more significantly to the left side of the heart (Fig. 1Eii) . By 30 hpf, lefty2 RNA is restricted to the left side of the looping heart, with expression in the forming inner curvature of the ventricle and outer curvature of the atrium (Fig. 1Fii) .
Temporal changes in lefty2 expression coincide with cardiac jogging and the initiation of cardiac looping. To determine whether changes in localization of lefty2 expression result from asymmetric morphogenesis, we performed a lefty2 expression time course in switch hitter (swt) morphant embryos. swt mutants and morphants display defects in cardiac laterality (8, 9) as well as in earlier asymmetric gene expression (10) [supporting information (SI) Tables S1 and S2] .
At 20 hpf, 53% of swt morphants exhibit reversed expression of lefty2 in right cardiac cells ( Fig. 1 Aiii and Table S1 ). Considering the high correlation in percentages between morphants with right expression of asymmetric genes and those with reversed jogging directionality (Tables S1 and S2) , it is likely that most, if not all, swt morphants with right jog exhibited an earlier right-biased expression of lefty2. At 22 hpf, embryos with right jog exhibit a change in lefty2 localization, with expression now visible along the length of the heart (Fig. 1Biii) . This expression is similar to that observed in the left-jogged hearts of WT embryos (Fig. 1Bii) . The later alteration in lefty2 expression at 28-30 hpf is reversed in swt embryos with right-jogged hearts. In these embryos lefty2 expression becomes concentrated on the right side of the heart (Figs. 1 Eiii and Fiii). In addition, the heart begins to loop in the opposite direction compared with WT, but with lefty2-expressing cells still present along the inner curvature of the ventricle and outer curvature of the atrium.
Asymmetric Migration of Atrial Myocardium Precedes Cardiac Cone
Tilting. As changes in lefty2 localization correlate with stages at which cardiac asymmetries are established, we questioned whether these changes are the result of relocalization of the left and right myocardium. We performed time-lapse imaging in Tg(cmlc2:egfp) embryos between 18-21 hpf to observe the movement of myocardial cells before cardiac jogging. In WT embryos (n ϭ 5/5), at Ϸ19 hpf, the left atrial myocardium begins to migrate toward the left and anterior along the lateral edge of the cardiac cone ( Fig. 2 A, B , E, and F; Movie S1). The right myocardium also initiates left-directed migration;, however, the predominant trajectories of right atrial cells are curved toward the center of the cone rather than along the lateral edge ( Fig. 2 E and F, Movie S1). The combination of these cellular movements results in the repositioning of the myocardium slightly to the left of midline and a clockwise rotation of the entire cone structure ( Fig. 2 E and F ; Movie S1). This rotation positions the left myocardium to the left anterior of the cardiac cone. Cone tilting occurs concurrently with the later stages of this migratory event, suggesting that atrial cell migration is responsible for repositioning the cone from the D/V axis to extending along the anterior-posterior axis.
To distinguish whether this asymmetry in migration is an inherent property of the myocardium or whether its laterality is controlled by asymmetric gene expression, we performed similar time-lapse imaging in swt morphants. Some morphants (n ϭ 4/9) exhibited WT myocardial cell movements with a left-directed migration and subsequent left direction of cardiac jog. This result was expected given the high percentage of embryos with correct laterality of asymmetric gene expression (Table S1 ). In other morphants (n ϭ 3/9), key aspects of cone morphogenesis, specifically the L/R identities of cells migrating along the lateral edge of the cone and of those migrating toward the center of the cone, are reversed ( Fig. 2 C, D , G, and H; Movie S2). The cardiac cone in these morphants is also displaced to the right side of the midline, opposite of WT. Reversed L/R asymmetry of cell migration within the cone results in reversed cardiac jogging, with each of these morphants exhibiting a right directed jog. As right jog is correlative with right expression of spaw and lefty2 earlier in development (8) (Tables S1 and S2) , it is likely that the reversed atrial cell migration and cone tilting observed in swt morphants was preceded by right expression of Nodal pathway components in the LPM. This suggests that the laterality of Nodal signaling determines the direction of cell migration within the cardiac cone and indicates that cells exposed to asymmetric gene expression will migrate along the lateral edge of the cone, regardless of whether those cells originated in the left or right LPM.
Cardiac Jogging Converts the Original L/R Axis to the D/V Axis of the
Linear Heart. The clockwise rotation of the cardiac cone in WT positions the left myocardium to the anterior of the right myocardium (Fig. 2F ). This result, along with the change in lefty2 In WT, lefty2 expression is restricted to the left myocardium at 20 hpf (Aii), but extends symmetrically along the length of the left-jogged heart by 22-28 hpf (Bii, Cii, and Dii). A swt morphant exhibits reversed lefty2 expression in the right myocardium (Aiii) at 20 hpf. At 22-28 hpf, lefty2 is expressed along the length of the right-jogged heart in swt morphants (Biii, Ciii, and Diii). At 28 -30 hpf, lefty2 expression becomes restricted to the left side of the heart in WT (Eii) and is expressed exclusively along the left margin of the looping heart at 30 hpf (Fii). This process is reversed in swt morphants at 29 hpf. In this embryo, lefty2 expression is still visible across the atrium (Eiii, arrowhead) but it restricted to the right side of the ventricle (Eiii, arrow). Right-sided localization is more pronounced by 30 hpf, with lefty2 expression restricted to the right in both chambers (Fiii expression at 22 hpf from a left restriction to extension along the length of the heart, suggests that the left cardiac cells are repositioned to the dorsal side of the heart through the process of cardiac jogging. To confirm this L/R to D/V axis conversion, we examined the specific localization of lefty2 expression in the heart at 24-25 hpf. Transverse histological sections through the heart tube at these stages reveal a restriction of lefty2 expression to the dorsal side of the heart (n ϭ 6/6) ( Fig. 3 C and D) . lefty2 expression in WT, therefore, supports the existence of a L/R to D/V axis conversion occurring during cardiac jogging. We next determined where the left and right myocardium would be localized along the D/V axis of the heart in swt morphants with reversed Nodal signaling and direction of cardiac jog. Transverse sections through right-jogged hearts of swt morphants reveal that lefty2-expressing cells within the heart tube are dorsally localized (n ϭ 6/6) ( Fig. 3 G and H) . Therefore, although the morphological asymmetries of cardiac jogging are reversed in these embryos, the dorsal localization of lefty2 within the heart tube after cardiac jogging is the same in both morphants and WT embryos. However, the important difference is that the dorsal cells in WT at 24 hpf originated in the left LPM, whereas dorsal cells in swt morphants originated in the right LPM.
A Leftward Rotation of the Heart Tube in WT Reestablishes the
Original L/R Axis in the Heart at the Onset of Cardiac Looping. We observed a second change in lefty2 RNA localization at the initiation of cardiac looping ( Fig. 1 Eii and Fii), which we propose reflects a second axis conversion within the heart. We performed fate mapping experiments in WT embryos to track the left and right myocardial cells. The Tg(cmlc2:dendra) plasmid containing the GFP Dendra was injected into Tg(cmlc2:dsredt4) embryos (H.E. Riley and D. Yelon, New York University, New York). At 18-20 hpf, injected embryos were imaged, and those with GFP expression exclusively on one side of the myocardium were separated and individually tracked through 48 hpf.
WT embryos with left-or right-sided GFP expression at 18-20 hpf displayed GFP localization along the length of the heart at 24-28 hpf. Consistent with our histological analysis, embryos with early left-restricted GFP exhibited GFP localization on the dorsal side of the heart (Movie S3), whereas embryos with original right-restricted GFP exhibited GFP localization on the ventral side of the heart (Movie S4). This L/R to D/V axis conversion was observed in 100% of WT embryos examined (n ϭ 22) (Table S3 ). When embryos with original left GFP were imaged again at 48 hpf, GFP-expressing cells were now restricted to the left side of the looped heart ( Fig. 4 A and A2, arrowhead; Movie S5). In addition, we find that embryos with rightrestricted GFP at 18-20 hpf display a subsequent right localization of GFP-expressing cells at 48 hpf (Fig. 4 B-B3 , Movie S6). These results suggest that a leftward rotation occurs within the heart of WT embryos at the onset of cardiac looping to reposition the dorsal lefty2-expressing cells to the left of the heart (Fig. 4 A1 and B1 ).
The Second Rotation Within the Heart Is Reversed in swt Morphants
with Right Jog. We performed similar fate mapping experiments in swt morphants. swt morphants exhibiting the correct direction of cardiac jogging also displayed a WT localization of left and right cells along the D/V axis at 24 hpf (data not shown) and along the restored L/R axis of the looped heart at 48 hpf ( (Tables S1 and S2 ). Given the high correlation in percentages between right Nodal signaling in the LPM and right direction of cardiac jog, we were interested to determine the localization of the original left and right myocardium in the hearts of swt morphants with reversed jogging. Consistent with prior histological analysis, the left and right cardiac cells in 100% of these embryos exhibit reversed localization along the D/V axis at 24 hpf (n ϭ 18) (Table S3 ). In right-jogged hearts, cells originating in the left myocardium become localized to the ventral surface of the heart, whereas cells originally present in the right myocardium become restricted to the dorsal surface of the heart (Movie S8 and Movie S9). The rotation of the heart tube at 28-30 hpf is also reversed in each of these embryos and is directed toward the right. swt morphants with left-restricted GFP at 18-20 hpf display a subsequent left restriction of these GFP-expressing cells to the left of the heart at 48 hpf (Fig. 4 D-D3 , Movie S10). We find that these left cells in swt morphants with right-jogged hearts consistently contribute to opposite chamber structures compared with WT, being localized to the outer curvature of the ventricle (Fig. 4D2 , arrow) and the inner curvature of the atrium (Fig.  4D2, arrowhead) . Similar results were obtained by tracking embryos with right-restricted GFP expression (data not shown). These data suggest that reversed laterality of Nodal signaling and cardiac asymmetries lead to a reversed direction of heart-tube rotation at 28-30 hpf, similar to the reversal in cardiac cone rotation observed in swt morphants at 20 hpf.
The Direction of the Second Rotation Within the Heart Is Determined Independently of Nodal Signaling but Depends on the Direction of Jog.
WT embryos with left jog exhibit a leftward rotation of the heart tube, whereas swt morphants with right jog display a rightward rotation. To clarify whether this reversal in heart-tube rotation is a direct consequence of reversed asymmetric gene expression, we performed fate mapping experiments in spaw morphants. These embryos lack expression of all asymmetric genes in the LPM and exhibit defects in cardiac laterality, including rightdirected jog (7) (Tables S1 and S2) .
Similar to WT, we find that spaw morphants with left-jogged hearts and original left expression of GFP exhibit dorsal GFP localization at 24 hpf (data not shown). These embryos also consistently position these GFP-expressing cells to the left of the looped heart at 48 hpf ( Fig. 4 E-E3 , Table S3 , and Movie S11). Localization of left and right cells in spaw morphant hearts with right jog and subsequent left loop was identical to that in the swt morphant hearts with the same phenotype. Cells originating in the right LPM became dorsally localized at 24 hpf (data not shown) and were subsequently positioned to the right side of the heart at 48 hpf ( Fig. 4 F-F3 , Table S3 , and Movie S12). These results suggest that even in the complete absence of Nodal signaling, left-jogged hearts rotate toward the left, whereas right-jogged hearts rotate toward the right. In contrast to WT and swt morphants, Ϸ20% of spaw morphants exhibit discordance between the directions of cardiac jogging and looping, with left jog resulting in left loop and right jog resulting in right loop (Table S2 ). These phenotypes provide the opportunity to question whether the correlation between these two asymmetric events influences the direction of hearttube rotation. We find that spaw morphants with left expression of GFP at 18-20 hpf and right jog evident at 24 hpf still exhibit a reversed rightward rotation of the heart at 28-30 hpf even though the heart goes on to loop correctly to the right (Fig. 4 G-G3, Movie S13). Taken together, these data suggest that the rotation of the heart tube at the onset of looping is not directly influenced by the presence or laterality of Nodal signaling.
Another defect in cardiac laterality observed in spaw morphants is a lack of directionality in cardiac jogging, referred to as ''no jog'' (Table S2) . We find that no-jogged hearts in spaw morphants exhibit two unique phenotypes. First, we observed that the repositioning of left and right cells to the D/V axis of the heart during cardiac jogging does not occur in spaw morphants with no-jogged hearts. Instead, cells originating in the left and . This rotation positions the original left cells from the dorsal side of the heart tube to the left of the looped heart (A2 and A3) where they contribute to the outer atrial (A2, arrowhead) chamber curvature. The original right cells are repositioned from the ventral side of the linear heart to the right of the looped heart at 48 hpf (B2 and B3) where they contribute to the outer curvature of the ventricle (B2, arrow) and the inner curvature of the atrium (B2, arrowhead). swt morphants with left jog and right loop display the same leftward rotation of the heart and contribution of original left cells to the inner ventricular (C2, arrow) and outer atrial (C2, arrowhead) chamber curvatures (C-C3).
The asterisk in C marks GFP-expressing cells at 18 hpf that are to the right of midline. The asterisk in C2 marks the likely localization of these cells at 48 hpf on the right side of the looped heart. swt morphants with left GFP at 20 hpf (D) and exhibiting right jog and left loop display a rightdirected rotation of the heart at 28-30 hpf (D1). This rotation positions the left, GFP-expressing cells to the left of the 48 hpf heart (D2 and D3) where they consistently contribute to the outer curvature of the ventricle (D2, arrow) and the inner curvature of the atrium (D2, arrowhead).spawmorphantswithleftjogandrightloopdisplay the same direction of heart-tube rotation and positioning of original left and right cardiac cells at 48 hpf as both WT and swt embryos with left jog and right loop (E-E3). The asterisk in Emarks GFP-expressing cells at 18 hpf that are to the right of midline. The asterisk in E2 marks the likely localization of these cells at 48 hpf on the right side of the looped heart. spaw morphants with right jog and left loop show the same reversed direction of heart-tube rotation as swt morphants with this phenotype (F1). In this embryo, the original right cells (F) are repositioned to the right of the heart at 48 hpf (F2 and F3) and contribute to the inner curvature of the ventricle (F2, arrow) and the outer curvature of the atrium (F2, arrowhead). The same reversed direction of heart-tube rotation is observed in spaw morphants with right jog and right loop (G1). In this embryo, the original left cardiac cells (G) are positioned to the left of the heart at 48 hpf (G2 and G3). These cells are localized to the outer curvature of the ventricle (G2, arrow) and the inner curvature of the atrium (G2, arrowhead). spaw morphants lacking directional jog also lack a directed rotation of the heart tube at 28-30 hpf (H1). spaw morphants with original right expression of GFP at 20 hpf (H) display a maintenance of these cells on the right of the heart at 24-28 hpf and at 48 hpf (H2 and H3). In this embryo, the right GFP-expressing cells are localized to the inner curvature of the ventricle (H2, arrow) and the outer curvature of the atrium (H2, arrowhead). L, left; R, right; N, no; D, dorsal; V, ventral.
right LPM are retained on the left and right sides of the linear heart at 24 hpf (Movie S14 and Movie S15). Second, the no-jogged hearts of spaw morphants also failed to undergo heart-tube rotation at 28-30 hpf. However, because the earlier L/R to D/V axis conversion also failed to occur, the ultimate localization of left and right cells in these embryos was the same as that observed in WT, swt morphants, and spaw morphants with directional jog. Specifically, embryos with right GFP expression at 18-20 hpf exhibit a maintenance of GFP-expressing cells on the right of the linear heart at 24 hpf, and this right restriction is still evident at 48 hpf (Fig. 4 H-H3 , Movie S16). This phenotype is observed in all embryos with no jog, regardless of GFP laterality at 18-20 hpf or subsequent direction of loop at 48 hpf (Table S3 ). These results suggest that the laterality of cardiac jogging directly determines the orientation of heart-tube rotation at 28-30 hpf, with the presence of directional jog being required for this rotation to take place.
Discussion
Our time-lapse imaging of WT embryos indicates the existence of asymmetric, left-directed migration of myocardial cells within the cardiac cone that ultimately results in a clockwise rotation of the cone before tilting. Similar time-lapse analysis done in swt morphants indicates that in a subset of embryos, the L/R directionality of these asymmetric events is reversed. Given the high correlation in percentages between right asymmetric gene expression and right jog in swt morphants, this phenotype is the likely morphological consequence of reversed Nodal signaling in the LPM (see model, Fig. S1 A and B) . These data suggest that asymmetric gene expression guides the direction of atrial cell migration and, subsequently, the orientation of cardiac-cone tilt. It was recently reported that these asymmetric events preceding cardiac jogging are a consequence of the left-biased asymmetry in bmp4 expression within the cardiac cone (11) . In light of our data, it seems likely that Nodal signaling is upstream of bmp4 expression in directing cardiac asymmetries. Alternatively, as the manipulations of BMP signaling described by these authors can affect the asymmetry of Nodal signaling within the myocardium, it is possible that spaw or lefty2 more directly affect determination of cardiac laterality (11, 12) . Work by Rohr et al. (13) suggests that the direction of cardiac-cone tilt is a consequence of an asymmetric involution of right posterior myocardium, and that this site of involution is altered in spaw morphants. The authors propose that the process of involution itself occurs independently of Nodal signaling but that asymmetric gene expression is required to determine the site of this involution. The directed migration of posterior atrial cells that we observe in WT and swt morphants initiates just before the stage at which asymmetric involution is thought to occur. Consequently, our results indicate that the role for Nodal signaling in positioning the site of asymmetric involution may be through its earlier role in determining the direction of asymmetric atrial migration. This role for asymmetric gene expression would also explain why the site of involution is altered in the absence of Nodal signaling (13) .
We find that asymmetric cell migration and the resulting rotation of the cardiac cone before jogging reposition the original L/R axis of the myocardium to the D/V axis of the linear heart by 24 hpf. In WT, the clockwise rotation of the cone and left direction of jog place the original left cardiac cells on the dorsal side of the heart (Fig. S1 C and C1) . In swt morphants, a reversed, counterclockwise rotation of the cardiac cone followed by a right direction of jog results in the original left cardiac cells now being positioned on the ventral side of the heart (Fig. S1 D  and D1) . Importantly, despite the dorsal cells having originated in the right LPM of these swt morphants, the expression of lefty2 in these cells at 24 hpf suggests that the right side of the myocardium, and not the left, had been exposed to Nodal signaling. These results indicate that cells exposed to asymmetric gene expression will invariably become localized to the dorsal side of the heart tube as an indirect consequence of the role for Nodal signaling in directing cell movements within the cardiac cone.
In addition to the rotation of the cardiac cone observed between 19-21 hpf, we have also described a second rotation within the heart at 28-30 hpf. Interestingly, the direction of heart-tube rotation is consistent with the direction of cardiac jogging in all embryos examined, including spaw morphants in which a lack of directional jog coincides with a lack of heart-tube rotation. In embryos exhibiting left jog, regardless of genotype, this rotation occurs toward the left (Fig. S1 E and E1) . However, in swt and spaw morphants with right jog, the rotation is reversed and occurs toward the right (Fig. S1 F and F1) . This consistency in the direction of rotation in right-jogged hearts regardless of the presence or absence of Nodal signaling indicates that this rotation is not directly influenced by asymmetric gene expression. Given this finding, it seems likely that the direction of heart-tube rotation is determined by a factor separate from, but doubtless affected by, L/R patterning. This influence might come either from within the heart itself or from a source extrinsic to the heart in the form of the vasculature or forces derived from blood flow through the chambers.
In WT and a number of mutant embryos, including swt morphants, the direction of cardiac jogging is predictive of and nearly always correlates with the direction of looping. In a WT situation, this means that left-jogged hearts consistently loop to the right, whereas in swt morphants, right-jogged hearts loop characteristically to the left. Interestingly, however, spaw morphants with right jog exhibit discordance between the directions of jog and loop. We find, in fact, that only 44% of the right-jogged hearts in these embryos loop to the left, compared with the 91% correlation between right jog and left loop observed in swt morphants. Consequently, a difference must exist between the right-jogged hearts of swt and spaw morphants to account for the different looping phenotypes observed in these embryos. Although it remains formally possible that the LRRC50 protein encoded by the swt locus performs a specific function within the myocardium, the lack of lrrc50 RNA expression within the heart or myocardial precursors at any stage of development (9) indicates that this is likely not the case. As the earlier morphogenesis of right-jogged hearts is identical in both swt and spaw morphants, the only remaining difference that exists to explain the concordance of jog and loop in WT and swt morphants and the lack of concordance in spaw morphants is the presence or absence of Nodal signaling.
We show that in WT, left lefty2-expressing cells become localized to the dorsal side of the heart tube as a consequence of cardiac jogging. At the onset of cardiac looping, these cells are repositioned to the left side of the heart through a leftward rotation, where they consistently contribute to specific chamber structures through the process of dextral looping. Specifically, left ventricular cells form the inner curvature and left atrial cells form the outer curvature of the chambers. Importantly, these events are reversed in swt morphants exhibiting right jog. Through fate mapping analysis, we have shown that in these embryos the reversed direction of heart-tube rotation results in the right lefty2-expressing cells being positioned on the right side of the heart by 30 hpf. Despite having originated in the right LPM, these cells in swt morphants go on to consistently contribute to chamber structures characteristic of left-derived cells. Specifically, right cells within the ventricle form the inner curvature of the chamber whereas right cells within the atrium give rise to the outer chamber curvature. These results provide two insights into asymmetric cardiac morphogenesis. First, they indicate that the right myocardium of swt morphants with right jog exhibit a genetic left identity. Second, these data provide evidence of a potential role for the Nodal signaling pathway in influencing the development of inner versus outer chamber curvatures (Fig. S1 G and H) . Although the process of curvature formation is likely affected by other factors, including circulation, the laterality of Nodal signaling appears to bias the positions at which inner and outer curvatures form along the length of the heart tube.
A role for Nodal signaling in directly influencing the sites of curvature formations provides an explanation for why directions of jog and loop are so highly correlative in most embryos but become disconnected in spaw morphants. Although cardiac morphogenesis occurs identically in swt and spaw morphants with right jog, the left and right cells of spaw morphants completely lack specification of a genetic L/R identity. Consequently, no bias exists to consistently determine the sites of inner ventricular and outer atrial curvature formation, and this laterality decision is made randomly. As discrete chamber curvatures still form in most of these morphants, Nodal signaling cannot be responsible for directing the actual process of curvature development. Instead, asymmetric gene expression likely serves as a biasing mechanism to ensure that when these curvatures do form, they consistently develop at the same locations in every embryo.
It is important to note that, although not as consistently as in WT embryos, left-jogged hearts of spaw morphants do tend to loop correctly to the right. We believe this phenotype highlights the complexity and robust nature of cardiac laterality determination. It appears that once the initial bias in laterality is correctly established, even if this occurs in the absence of asymmetric gene expression, the chain of subsequent events that are normally indirectly influenced by Nodal signaling are sufficient to promote proper dextral looping. This finding suggests that the laterality of asymmetric gene expression is crucial to provide the initial bias in cardiac asymmetry but that once this process has been properly established, Nodal signaling is only moderately required to ensure that correct looping still occurs.
In consideration of our data, it appears that the Nodal signaling pathway plays multiple roles through the process of asymmetric cardiac morphogenesis and provides an intricate and elegant mechanism by which cardiac laterality can be coordinated and consistently maintained in a WT embryo. This is an indication that the Nodal signaling pathway may influence the direction of cardiac looping through differential specification or patterning of the left ventricular and atrial myocardium. In the future, it will be interesting to determine how Nodal signaling is able to bias the formation of chamber curvatures and what downstream targets of spaw might be involved in this process. In addition, it will be important to determine the mechanism controlling heart-tube rotation at 28-30 hpf, because this process is integral in WT embryos to position cells exposed to asymmetric gene expression to the proper side of the heart tube. Finally, future work should be directed toward a conclusive determination of whether Spaw, Lefty2, or BMP4 is the direct regulator of asymmetric cardiac development, or if an unknown, downstream component of the Nodal signaling pathway is the true effecter of laterality determination within the zebrafish heart.
Materials and Methods
mRNA, RNA Probes, and in Situ Hybridization. RNA in situ hybridization and transcription of mRNA and DIG-labeled antisense RNA probes were performed by using standard methods. The probes used were cardiac myosin light chain (cmlc2; myl7-ZFIN) (14) , lefty1 (15) , lefty2 (15) , and spaw (7). The mRNA used was tol2 transposase (16) .
Microscopy and Histological Analysis. Embryos analyzed by in situ hybridization were photographed as described (17) . Embryos were processed for histological analysis as previously described (9) . Time-lapse imaging and analysis was essentially performed as previously described (18) . The Volocity program (Improvision) was used to create 3D reconstructions and movies. Detailed materials and methods for fate mapping and time-lapse analysis are provided in SI Text. Time-Lapse Analysis. Embryos were screened for GFP expression and mounted as follows: The embryo was placed on the coverslip bottom of a round dish and mounted in a large drop of 1% agarose. The embryos were oriented tail down, such that the heart was lying flat and located directly on the top of the embryo. The tip of the notochord was used to aid in orientation. A drop of embryo medium with MESAB was placed on top of the agar-mounted embryo.
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The slide was placed on a heated stage set at 29°on an inverted Leica SP5 spectral confocal microscope. The embryo was imaged using a X20 dry objective. To be able to generate 3D reconstructions of the embryos, the confocal was set to collect images from just above the first visible GFP-expressing cells to just below the last visible GFP-expressing cells. In general, 30-40 focal planes were collected at an interval of 1.5-2.5 m. Images were collected at 2-to 3-min intervals. In general, embryos were imaged from between 18-22 somites until the direction of cardiac jog became apparent. The age at the start of the time lapse depended most on the intensity of the GFP, which can be variable during these early stages. Imaging was initiated once the intensity of the GFP was sufficient.
For 4D analysis, the data were imported into a Volocity (Improvision) library. An image sequence was made for each data set. The image appearance (brightness, contrast, opacity) was modified to optimize the visualization of the region of interest. In some cases, the intensity of the cells was variable such that the cell in one region were very bright while the cells in another region were very dim; if the image was optimized for the dim cell, then the cellular resolution for the bright region was lost. Thus, different images were taken for each type of analysis, and in some cases several image settings were needed to complete the analysis.
Examination of the cross-section of high-resolution confocal images indicates that myocardium can be conceived as a 2D tissue because the tissue is composed of a relatively flat, single cell layer throughout the stages of the time lapse. Thus, as we track the movement of the cells, we are only concerned about the X and Y location of the center of the cells. We determined the visual center of each cell at each time point, modifying the image intensity as needed, and measured the location of that center point by using Volocity. At the first time point, the pixel at the center of the cell was selected by using the magic wand tool set to a tolerance of 1, which ensured that only a single pixel was selected. The center of the same cell was marked in the next time point until the end of the data set. Each cell center was measured as an X and Y location. The set of cell locations was then turned into a track by selecting all of the measurements for that cell and having Volocity connect these center points (termed Manual Track). The XY locations of the cells and the cell tracks can be imaged and overlaid on the high-resolution confocal images. In this way, we can visualize the movements of each cell in the myocardium.
Fate Mapping Analysis. Tg(cmlc2:dsredt4) embryos were injected with the Tg(cmlc2:Dendra) plasmid and transposase RNA alone or in conjunction with the swt morpholino or spaw morpholino directly into the cell at the one-or two-cell stage. Embryos were screened at 18 hpf, and those exhibiting left-or right-restricted Dendra expression were separated for further analysis. These embryos were then imaged on the SP5 spectral confocal microscope at 18-20 hpf, mounted as described for time-lapse analysis, removed from agarose, and maintained individually. These embryos were subsequently imaged again at 24-28 hpf and 48 hpf and were mounted as previously described but in a ventral orientation. In these experiments, both embryos heterozygous and homozygous for the dsRED insertion were used. Red fluorescence in homozygotes is significantly brighter than in heterozygotes. Thus in heterozygotes, the intensity from our cmlc2:Dendra plasmid often overwhlemed the dsRED signal, and merged cells appeared green instead of yellow as they did in homozygotes.
Morpholino and cmlc2:Dendra Injections. RNA and plasmid injections were performed as previously described (2) . For creation of the cmlc2:Dendra plasmid, the cmlc2 promoter was removed from the pDestTol2CG2 plasmid (3) by restriction digest with HindIII and NcoI enzymes. The promoter was then inserted into the EcoRV site of the multiple cloning region in the pTol2005b plasmid (5) to create BL#414. The Dendra sequence was PCR amplified from the pDendra 2-C plasmid (Evrogen) by using primers F-5Ј-AGGTGCCTCGAGATGAACACCCCGGG-3Ј with the addition of an NheI restriction site, and R-5Ј-GATACGCATATGACACCTGGCTGGGCAGGG-3Ј with the addition of an ApaI restriction site. The Dendra sequence was subsequently inserted between the NheI and ApaI sites within the pTol2005b-cmlc2 plasmid to create BL#415. BL#415 was injected directly into the cell at the 1-to 2-cell stage with transposase RNA alone or in combination with either 9 ng of the swt morpholino (5Ј-ATGCACTGTAATTTACCAAGTCAGG-3Ј) or 1 ng of the spaw morpholino (5Ј-GCACGCTATGACCG-GCTGCATTGCG-3Ј (4). The swt morpholino (J. SullivanBrown and R.D.B., unpublished work) (GeneTools, LLC) covers the exon 5 intron 5 splice junction, whereas the spaw morpholino recognizes the start site for protein translation. The heart is viewed in cross-section. (E-H) The heart is viewed ventrally. Blue type indicates morphogenetic events that we believe to be directly influenced by Nodal signaling, whereas gray type indicates events that are indirectly affected by asymmetric gene expression (A). In WT embryos, asymmetric myocardial cell migration toward the anterior and left promotes a clockwise rotation of the cardiac cone and the subsequent repositioning of the cone from extension along the D/V axis to the A/P axis. The L/R directionality of asymmetric cell migration, cardiac-cone rotation, and cone tilt are all reversed in a subset of swt morphants (B). The laterality of Nodal signaling is likely to directly influence the direction of cell migration along the L/R axis, thereby indirectly determining the directions of cardiac cone rotation and tilt. In WT embryos, the indirect consequence of these asymmetric cell migrations within the cardiac cone is a left-directed jog evident by 24 hpf (C). The combination of cone rotation and tilt results in the original left cells becoming relocalized to the dorsal side of the heart tube during cardiac jogging (C1). In Ϸ30% of swt morphants, reversed L/R directionality of cell migration, cone rotation, and cone tilt likely results in a reversed, right-directed cardiac jog evident at 24 hpf (D). In these embryos, right-derived cells are now localized to the dorsal side of the heart tube, with these right cells expressing lefty2 (D1). Importantly, in both WT embryos with left jog and swt morphants with right jog, the lefty2-expressing cells become dorsally localized, regardless of where they originated along the L/R axis within the LPM (C1 and D1). In both WT and swt morphants, these lefty2-expressing cells remain localized to the dorsal side of the heart tube through 28 hpf (E and F). Between 28 -30 hpf, the heart tube in WT embryos undergoes a left-directed rotation which repositions the original left cells to the left side of the heart tube at the onset of cardiac looping (E1). As the original left cells in these embryos were exposed to Nodal signaling, lefty2 expression is also restricted to the left side of the heart tube (E1). In both swt morphants and spaw morphants with right jog, the rotation occurring at 28 -30 hpf is reversed around the L/R axis and is directed toward the right (F). Although this still results in the original left cells becoming repositioned to the left side of the heart, in swt morphants the right, rather than left, myocardium had likely been exposed to Nodal signaling. This results in the lefty2-expressing cells being positioned to the right at the onset of cardiac looping in these morphants (F1). As heart-tube rotation occurs with consistent directionality in all embryos with left jog and with reversed directionality in all embryos with right jog, regardless of genotype, the direction of this rotation appears to be directly determined by the laterality of cardiac jog. In WT embryos, dextral cardiac looping is evident by 48 hpf with the original left cells consistently contributing to the inner curvature of the ventricle and the outer curvature of the atrium (G). In swt morphants with right-directed jog, the direction of cardiac looping is reversed in nearly 100% of embryos, with the ventricle positioned to the left of the atrium (H). In these morphants, the original left cells now contribute to characteristic ''right'' structures, giving rise to the outer curvature of the ventricle and the inner curvature of the atrium (H). Given this, along with the randomization in the L/R position of chamber curvature formation observed in the right-jogged hearts of spaw morphants, we believe Nodal signaling to directly bias the location of inner ventricular and outer atrial chamber curvature formation, thereby indirectly determining the direction of cardiac looping. L, left; R, right; D, dorsal; V, ventral.
Movie S1. Time lapse of left-directed asymmetric myocardial cell migration in a WT embryo. Dorsal view of the myocardium in a Tg(cmlc2:egfp) embryo. Anterior toward the top. Movie extends over 70 min of development between 18 -21 hpf. The left atrial myocardium migrates along the lateral edge of the cardiac cone toward the anterior and left of the embryo. Those atrial cells originally in the posterior of the cone exhibit the greatest displacement over time. Right atrial myocardium also migrates asymmetrically to the anterior and left but with trajectories directed toward the center of the cone rather than along the lateral edge. This coordinated, asymmetric migration results in a leftward displacement and clockwise rotation of the entire cardiac cone.
Movie S1 (MOV)
Movie S2. Time lapse of right-directed asymmetric myocardial cell migration in a swt morphant. Dorsal view of the myocardium in a Tg(cmlc2:egfp) embryo injected with swt morpholino. Anterior toward the top. Movie extends over 70 min of development between 18 -21 hpf. In contrast to WT, this swt morphant displays migration of the right atrial myocardium along the lateral edge of the cardiac cone toward the anterior and right. Left myocardial cells also display a right-directed migration toward the center of the cardiac cone. These movements result in a rightward displacement and counterclockwise rotation of the cone structure. We note that the specific movement of cells appears slightly different in swt morphant, likely as a consequence of the mutant phenotypes.
Movie S2 (MOV)
Movie S3. Original left myocardial cells of WT embryos become localized to the dorsal side of the linear heart tube by 24 hpf. Dorsal view of a WT, left-jogged heart tube at 24 -28 hpf, with ventricle positioned to the top and atrium to the bottom, of a Tg(cmlc2:dsredt4) embryo with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. A 360°rotation of the heart tube about the L/R axis reveals the restriction of these GFP-expressing cells to the dorsal region of the linear heart.
Movie S3 (MOV)
Movie S4. Original right myocardial cells of WT embryos become localized to the ventral side of the linear heart tube by 24 hpf. Dorsal view of a WT, left-jogged heart tube at 24 -28 hpf, with ventricle positioned to the top and atrium to the bottom, of a Tg(cmlc2:dsredt4) embryo with expression of cmlc2::Dendra GFP exclusively in the original right cardiac cells. A 360°rotation of the heart tube about the L/R axis reveals the restriction of these GFP-expressing cells to the ventral region of the linear heart.
Movie S4 (MOV)
Movie S5. Original left myocardial cells of WT embryos are relocalized to the left side of the right-looped heart by 48 hpf. Ventral view of a WT, right-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) embryo with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the left side of the looped heart and their contribution to the inner curvature of the ventricle and outer curvature of the atrium.
Movie S5 (MOV)
Movie S6. Original right myocardial cells of WT embryos are relocalized to the right side of the right-looped heart by 48 hpf. Ventral view of a WT, right-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) embryo with expression of cmlc2::Dendra GFP exclusively in the original right cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the right side of the looped heart and their contribution to the outer curvature of the ventricle and inner curvature of the atrium.
Movie S7.
Original left myocardial cells of swt morphants with left cardiac jog are relocalized to the left side of the right-looped heart by 48 hpf. Ventral view of a right-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) swt morphant embryo with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the left side of the looped heart and their contribution to the inner curvature of the ventricle and outer curvature of the atrium.
Movie S7 (MOV)
Movie S8. Original left myocardial cells of swt morphants with right jog become localized to the ventral side of the linear heart tube by 24 hpf. Dorsal view of the right-jogged heart tube at 24 -28 hpf, with ventricle positioned to the top and atrium to the bottom, of a Tg(cmlc2:dsredt4) swt morphant with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. A 360°rotation of the heart tube about the L/R axis reveals the restriction of these GFP-expressing cells to the ventral region of the linear heart.
Movie S8 (MOV)
Movie S9. Original right myocardial cells of swt morphants with right jog become localized to the dorsal side of the linear heart tube by 24 hpf. Dorsal view of the right-jogged heart tube at 24 -28 hpf, with ventricle positioned to the top and atrium to the bottom, of a Tg(cmlc2:dsredt4) swt morphant with expression of cmlc2::Dendra GFP exclusively in the original right cardiac cells. A 360°rotation of the heart tube about the L/R axis reveals the restriction of these GFP-expressing cells to the dorsal region of the linear heart.
Movie S9 (MOV)
Movie S10. Original left myocardial cells of swt morphants with right cardiac jog are relocalized to the left side of the left-looped heart by 48 hpf. Ventral view of a left-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) swt morphant embryo with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the left side of the looped heart and their contribution to the outer curvature of the ventricle and inner curvature of the atrium.
Movie S10 (MOV) Movie S11. Original left myocardial cells of spaw morphants with left cardiac jog are relocalized to the left side of the right-looped heart by 48 hpf. Ventral view of a right-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) spaw morphant embryo with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the left side of the looped heart and their contribution to the inner curvature of the ventricle and outer curvature of the atrium.
Movie S11 (MOV) Movie S12. Original right myocardial cells of spaw morphants with right cardiac jog are relocalized to the right side of the left-looped heart by 48 hpf. Ventral view of a left-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) spaw morphant embryo with expression of cmlc2::Dendra GFP exclusively in the right cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the right side of the looped heart and their contribution to the inner curvature of the ventricle and outer curvature of the atrium.
Movie S12 (MOV) Movie S13. Original left myocardial cells of spaw morphants with right cardiac jog are relocalized to the left side of the right-looped heart by 48 hpf. Ventral view of a right-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) spaw morphant embryo with expression of cmlc2::Dendra GFP exclusively in the left cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the restriction of these GFP-expressing cells to the left side of the looped heart and their contribution to the inner curvature of the ventricle and outer curvature of the atrium.
Movie S13 (MOV)
Movie S14. Original left myocardial cells of spaw morphants lacking directional jog are maintained on the left side of the linear heart tube at 24 hpf. Dorsal view of a no-jogged heart at 24 -28 hpf, with ventricle positioned to the top and atrium to the bottom, of a Tg(cmlc2:dsredt4) spaw morphant with expression of cmlc2::Dendra GFP exclusively in the original left cardiac cells. Dotted white line represents the midline of the linear heart tube. A 360°rotation of the heart about the L/R axis reveals the maintenance of these GFP-expressing cells on the left side of the linear heart tube.
Movie S14 (MOV) Movie S15. Original right myocardial cells of spaw morphants lacking directional jog are maintained on the right side of the linear heart tube at 24 hpf. Dorsal view of a no-jogged heart at 24 -28 hpf, with ventricle positioned to the top and atrium to the bottom, of a Tg(cmlc2:dsredt4) spaw morphant with expression of cmlc2::Dendra GFP exclusively in the original right cardiac cells. Dotted white line represents the midline of the linear heart tube. A 360°rotation of the heart about the L/R axis reveals the maintenance of these GFP-expressing cells on the right side of the linear heart tube.
Movie S15 (MOV)
Movie S16. Original right myocardial cells of spaw morphants lacking directional jog are maintained on the right side of the heart through 48 hpf. Ventral view of a left-looped heart at 48 hpf in a Tg(cmlc2:dsredt4) spaw morphant embryo with expression of cmlc2::Dendra GFP exclusively in the right cardiac cells. Right and left sides of the embryo are indicated. A 360°rotation of the heart about the L/R axis reveals the maintenance of these GFP-expressing cells on the right side of the looped heart and their contribution to the inner curvature of the ventricle and outer curvature of the atrium.
Movie S16 (MOV) All embryos were individually followed through development and exhibited left and right GFP localization as described in the results. Jogging and looping direction were scored in live embryos using light microscopy at 24 -26 hpf and 48 hpf, respectively. n values rather than percentages are provided as these data are meant to display the total number of embryos analyzed in these experiments. The artificial selection placed on these clutches for embryos exhibiting left or right-restricted GFP prevents an accurate determination of percentage for the overall jogging phenotypes observed in swt or spaw morphants. These numbers and percentages are provided in Table S2 .
